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Introduction {#sec1}
============

The nucleus is the largest organelle in eukaryotic cells, easily occupying about half of the volume of the cell. It is the site of major cellular functions such as DNA replication, transcriptional regulation, and ribosome assembly. Its mechanical stiffness and coupling to the cytoskeleton are crucial in sustaining the structural and functional integrity of a cell. Changes in nuclear shape and volume might alter nuclear protein concentration and gene expression, and affect development in normal functions and diseases ([@bib1], [@bib2]). Extensive studies in the past have shown that the nucleus is relatively stiff compared to the cytoplasm ([@bib3], [@bib4], [@bib5]), and displays a power-law rheology ([@bib6]). Nuclear stiffness depends largely on the nuclear lamina, and changes in the expression of lamin A/C during stem cell differentiation can regulate the physical plasticity of the nucleus and impact matrix-directed differentiation ([@bib2], [@bib7]). Recently, chromatin, a major component of nuclear architecture, has also been implicated to impact nuclear mechanics. Studies on isolated nuclei showed that histone tail-tail interactions counter the outward entropic pressure of the DNA, and enzymatic disruption of these interactions can lead to chromatin decondensation and nuclear softening ([@bib8]). Compressive studies on nuclei in situ showed that chromatin decondensation induced nuclear softening of up to 50% ([@bib9]). Chromatin compaction is also pertinent in embryonic development: Chalut et al. ([@bib10]) showed that the nuclear stiffness of mouse embryonic stem cells devoid of lamin A/C is correlated with chromatin condensation regulated by transcriptional machinery. Notably, a particular transition state of these embryonic stem cells can exhibit interesting mechanical properties such as auxeticity, which is likely driven by chromatin decondensation ([@bib11]). These studies provide emerging evidence supporting the role of chromatin organization in regulating nuclear shape changes and functions.

While the mechanical aspects of cell nuclei have been extensively studied, less is known about nuclear mechanical stability in response to transient or long-time temperature changes. DNA polymers have been shown to be relatively stable against heat at physiological temperatures ([@bib12]), keeping their double-stranded shape up to a melting temperature of 70°C. DNA is therefore more thermoresistant than most proteins in the cell, which often denature above 40°C ([@bib13]). Other studies report a highly thermolabile nuclear matrix that is sensitive to thermal shock ([@bib14]). Recent studies showed that nuclei in suspended cells undergo intriguing restructuring and shape remodeling in response to temperature increase above physiological temperatures ([@bib15]). In the nucleus, various electrostatic interactions are at play: the chromatin fibers comprising of negatively charged chains of DNA-histone complex (nucleosomes) are surrounded by a sea of positively charged counterions that effectively screen the negative repulsions between DNA segments ([@bib16]). The competition between electrostatics and entropy govern the large-scale chromatin organization ([@bib17]). Multivalent salts can even induce a net attractive interaction between chromatin fibers, leading to chromatin hypercondensation ([@bib18]). In soft matter physics, such polyelectrolyte gels are known to be thermoresponsive, that is, they display volume transitions in response to temperature changes. Thermomechanical studies of cell nuclei may therefore inform models of living organelles as complex materials with interesting material properties.

In this work, we studied how isolated nuclei in vitro respond to mechanical stress and transient heat, in various ionic conditions and chromatin-perturbed states. Using an optical stretcher (OS) operating at 780 nm (a contact-free technique that incurs minimal heating), we find that at constant temperature and in monovalent salts, isolated nuclei behave as passive elastic and incompressible objects. We further demonstrate that with a sudden increase in temperature of only a few degrees of Kelvin, cell nuclei can display reversible and repeatable volume transitions, whose magnitude depends on the rate of temperature increase and ionic conditions. Histone interactions and chromatin remodeling processes also play an important role in regulating nuclear mechanical susceptibility against such temperature-induced volume transitions. Overall, our work provides evidence that isolated cell nuclei share similar physical attributes as polyelectrolyte gels, which may advance our biological understanding of nuclear volume regulation in living cells.

Materials and Methods {#sec2}
=====================

Nuclei preparation {#sec2.1}
------------------

The nuclear isolation protocol was adapted and modified from previous work ([@bib19], [@bib20], [@bib21]). Cell nuclei were extracted from whole cells via chemical means. Six milliliters of HL60 cells (∼1,000,000/mL) were centrifuged at 4°C, 800 rpm for 5 min, and washed with cold PBS (4°C). The cells were then resuspended in a hypotonic buffer containing 10 mM HEPES (pH 7.5), 1 mM DL-Dithiothreitol (Sigma-Aldrich, St. Louis, MO), and protease inhibitor (1 tablet per 10 mL; Roche, Basel, Switzerland), and incubated on ice for 10 min to allow for swelling. IGEPAL solution (nonionic detergent; Sigma-Aldrich) and citric acid were then added to a final concentration of 0.1% and 1 mM, respectively. The solution was quickly vortexed for 10 s, before being centrifuged at 4°C for 5 min at 1000 rpm. A clean nuclei pellet should be visible at this stage. The solution was then resuspended in 4°C PBS and washed once more with cold PBS to wash out any residual effects of IGEPAL and citric acid.

To monitor nuclear volume changes in different pH, HL60 nuclei were suspended in PBS (pH 7.5) with pH adjusted by the addition of HCl or NaOH. For experiments on changing ionic conditions, nuclei were resuspended in PBS of various diluting ratio: 0% (deionized water), 1, 5, 10, 20, 50, and 100% PBS. Monovalent salts such as NaCl and KCl were tested at 10, 100, and 300 mM. To condense the nuclei, several multivalent salts were used: \[Co(NH~3~)\]Cl~3~ at 0.01 and 0.1 mM, CaCl~2~, and MgCl~2~ at 0.01, 0.1, 1, and 10 mM. To effect fragmentation of chromatin structures, both 0.1 and 0.01 mg/mL of deoxyribonuclease I (D5025; Sigma-Aldrich) were used. To decondense chromatin by histone modifications, clostripain (Sigma-Aldrich) or trichostatin A (TSA; Millipore, Billerica, MA) were used. Clostripain was first dissolved in a buffer containing 1 mM CaCl~2~, 2.5 mM DL-Dithiothreitol, and 5% PBS, to a final concentration of 4 mU/*μ*L. Solution was then kept at room temperature for 3 h for activation to take place, before being added to isolated nuclei. For TSA experiments, HL60 cells were incubated with 300 nM TSA in cell culture medium for 11 h in a cell incubator before assaying. TSA was kept in the medium during OS experiments to avoid reversible effects of the drug ([@bib22]).

For chromatin remodeling experiments, dexrazoxane or ICRF-187 (D1446; Sigma-Aldrich), an inhibitor of topoisomerase II (topo II), was used. Isolated nuclei were incubated in 50 *μ*M dexrazoxane for half an hour in the cell incubator. For ATP experiments, isolated nuclei were incubated with 2 mg/mL ATP (A2383; Sigma-Aldrich) for 1 h at room temperature. An ATP depletion experiment was performed by incubating isolated nuclei in a depletion buffer containing 10 mM sodium azide (S2002; Sigma-Aldrich) and 50 mM 2-deoxyglucose (D8375; Sigma-Aldrich) for half an hour at room temperature. For OS experiments on mitotic HL60 chromosomes, cell synchronization was achieved by a standard double thymidine (Sigma-Aldrich) block and release protocol, and 10 *μ*M dimethylenastron (VWR, Darmstadt, Germany) was applied for 10 h to keep the cells in the mitotic phase.

Quantifying nuclear volume and stiffness in the OS {#sec2.2}
--------------------------------------------------

The principle and setup of the microfluidic optical stretcher (OS) have been described extensively elsewhere ([@bib23], [@bib24]). Cells or nuclei are made to flow through a microfluidic channel, before being serially trapped and/or heated by two diverging, counter-propagating Gaussian laser beams emanating from two optical fibers (see [Fig. 2](#fig2){ref-type="fig"} A). Two OS setups are employed in this study, based on different wavelengths (*λ* = 780 or 1064 nm) operating on a single-mode, continuous-wave fiber laser. For the 1064 nm optical stretcher (YLM-5-1070-LP; IPG Photonics, Oxford, MA), the flow chamber was mounted on an inverted microscope (Axiovert 200M; Carl Zeiss, Oberkochen, Germany) equipped with a Plan Fluor ELWD 40×/NA 0.6 objective (Carl Zeiss), whereas for the 780 nm optical stretcher (Eylsa 780; Quantel, Les Ulis, France), the flow chamber was mounted on an inverted microscope (IX71; Olympus, Melville, NY) equipped with a Plan Fluor 40/NA 0.75 objective (Olympus). CCD cameras (Marlin F-146B; Allied Vision Technologies, Newburyport, MA) were attached to both setups for image acquisition. Channel flow was adjusted through the relative difference in heights of an inlet and outlet reservoir connected to the capillary. Representative deformation data were chosen from three or more independent experiments. The relative volume change was computed from the relative change of length along the major (*b*) and minor axes (*a*), assuming that suspended nuclei are prolate spheroids with volume $V = 4/3\pi a^{2}b.$ All volume changes were evaluated at *t* = 1 s after the step increase in temperature induced by laser. For minimal heating experiments performed with the 780 nm OS, nuclei were suspended in PBS prepared with heavy water (Sigma-Aldrich). For studies on changes in nuclear volume at different ambient temperatures, nuclei were seeded onto a heating chamber (BioCell; JPK Instruments, Berlin, Germany) that regulates temperature changes. Alternatively, nuclei were allowed to reach thermal equilibrium (20 min) in an OS where the stage temperature was controlled by the use of infrared lamp and heater, as adapted from previous study ([@bib25]), before being optically trapped and having their volume measured. The trap power was minimal (0.2 W), corresponding to only ∼0.4°C increase in temperature. Laser powers throughout are the sum of laser powers coming from the two opposing fibers.

To quantify the nuclear stiffness in minimal heating conditions (780 nm, heavy water), the optically induced stress was first computed using the generalized Lorenz-Mie model ([@bib26]). This requires a precise knowledge of the nuclear radii (determined in OS measurement), and their refractive index, which we previously determined using digital holographic microscopy ([@bib21]). Once the peak stress $\sigma_{o}$ along the laser axis was evaluated, the time-dependent creep compliance $J\left( t \right)$ could be readily obtained as$$J\left( t \right) = \frac{\gamma\left( t \right)}{\sigma_{o}F_{G}},$$where the geometric factor $F_{G}$ takes into account the nuclear size and stress distribution ([@bib27]).

To extract cell viscoelastic parameters, we employed a power law model ([@bib28], [@bib29]),$$J\left( t \right) = J_{o}\left( \frac{t}{\tau_{o}} \right)^{\beta}.$$Here, *β* is a measure of the effective nuclear fluidity, where *β* = 0 corresponds to the nuclei behaving like a perfectly elastic material, and *β* = 1 corresponds to the nuclei behaving like a purely viscous fluid; and $J_{o}$ characterizes the compliance of the material, while the time is normalized by a timescale $\tau_{o}$, which is set to 1 s. Because the nuclei were deformed in the linear regime in minimal heating experiments, we can convert the creep compliance to the complex modulus $G^{\text{∗}}\left( f \right)$ using a Laplace transform ([@bib30]). The storage modulus or the shear modulus is then given by $G^{\prime}\left( f \right)$ = $\left( {\text{cos}\left( {\beta\pi/2} \right)/J_{o}\text{Γ}\left( {1 + \beta} \right)} \right)\left( {2\pi f} \right)^{\beta} = G_{0}\left( {J_{o},\beta} \right)f^{\beta},$ where Γ is the gamma function. The prefactor $G_{0}$ (Shear modulus) can be easily calculated from the parameters $J_{o}$ and *β* of our measured creep compliance, by taking *f* = 1 Hz.

Atomic force microscopy {#sec2.3}
-----------------------

Atomic force microscopy (AFM) indentation measurements were carried out with a CellHesion 200 (JPK Instruments) mounted on an Axiovert 200M inverted microscope (Carl Zeiss, Oberkochen, Germany) with 20×/NA 0.6 objective. A monodisperse polystyrene bead (10 *μ*m in diameter) was glued onto a tipless silicon cantilever (Arrow TL1-50, spring constant: ∼0.015 Nm^−1^, confirmed by thermal fluctuation method; NanoWorld, Neuchâtel, Switzerland). Isolated nuclei swollen to various degrees in various concentrations of PBS were seeded onto poly-lysine-coated glass petri dishes for 10 min. All experiments were performed at room temperature. The nuclei were indented with a constant approach speed of 1 *μ*m/s with a loading force of 1.5 nN. For each force-indentation curve, the apparent Young's modulus was determined by fitting the approach curve with the Hertz model for a spherical indentor, using the built-in JPK Instruments software. The fit was extended to an indentation depth of \<10% of the nuclear height to minimize substrate stiffness effect ([@bib31]). Nuclear sphericity was checked and confirmed by three-dimensional volume analysis ([@bib21]). To correct for the different nuclear sizes, the effective radius of the tip curvature of the spherical indentor was obtained by using $\left( {1/R_{\text{eff}}} \right) = \left( {1/R_{\text{nuclei}}} \right) + \left( {1/R_{\text{bead}}} \right)$. The Poisson ratio of the nuclei was taken to be 0.5. To minimize systematic errors, experiments were performed on nuclei prepared with different PBS conditions using the same calibrated cantilever on the same day. The average number of nuclei measured per experiment was ∼60. Two or more independent experiments were performed for each condition at different dates to ensure reproducibility of results.

Fluorescence imaging of subnuclear structures {#sec2.4}
---------------------------------------------

To image chromatin distribution, HL60 cells were incubated with Hoechst 33342 dye (Molecular Probes, Eugene, OR) with a final concentration of 5 *μ*g/mL for 20 min before isolation. To stain for nuclear membrane, FM4-64 (Invitrogen, Carlsbad, CA) was added to the isolated nuclei with a final concentration of 100 ng/mL, and incubated for 10 min. Nuclei were then seeded onto poly-lysine-coated coverslips for 10 min before washing. To image nucleoli, cells were stained with NUCLEOLAR-ID Green Detection Reagent (1:1000; Enzo Life Sciences, Farmingdale, NY) according to manufacturer's instruction, before nuclear isolation. Samples were incubated for half an hour with primary antibodies recognizing nuclear pore complex (Mab414, dilution 1:500; Abcam, Cambridge, UK), lamin A/C (SAB4200236, 1:500; Sigma-Aldrich), HP1*α* (05-689, 1:500; Millipore), coilin (C1862, 1:500; Sigma-Aldrich), PML (HPA008312, 1:500; Sigma-Aldrich), or RNA pol II (SC-899, 1:500; Santa Cruz Biotechnology, Dallas, TX). The samples were then incubated at 4°C overnight. After washing, samples were incubated for 1 h with an appropriate secondary antibody conjugated with Alexa 488 (1:400; Molecular Probes), and washed again. All stained nuclei were imaged with an LSM700 inverted confocal microscope (40×, NA = 1.1, water immersion; Carl Zeiss). Gain settings were kept the same for all samples of a given experiment.

Image and fractal analysis {#sec2.5}
--------------------------

All statistical analysis was performed using the software Origin (Ver. 8.5; OriginLab, Northampton, MA). All box plots include whiskers at 5--95% range, horizontal box lines as SD, median line, and the mean (*inset box*). To quantify cortical thickness of chromatin at the nuclear periphery, a custom-written MATLAB code (The MathWorks, Natick, MA) based on a modification of Wertheimer's work ([@bib32]) was used. The algorithm first converted the images into gray scale. After iterations of each ring from the boundary to the nuclear interior, the average fluorescence intensity of each ring was evaluated. Cortical thickness was determined when the average intensity of the ring dropped below the average intensity of the entire nucleus. The thickness of each ring was one pixel (30 nm). The average cortical density was defined as the average integrated fluorescence intensity over the circumferential area enclosed by the cortical layer. More than 25 nuclei were analyzed for nuclei of a particular volume.

Fractal analysis was performed with the FracLac plug-in in the software ImageJ (National Institutes of Health, Bethesda, MD). Fractal dimension was determined using the differential box counting method ([@bib33]). Nuclear lacunarity was similarly quantified using the FracLac plug-in. Partially saturated images were excluded from the analysis.

Results {#sec3}
=======

pH, salts, and temperature alter nuclear volume in vitro {#sec3.1}
--------------------------------------------------------

Before characterizing the material properties of isolated cell nuclei, we first checked the integrity of the nuclear architecture. Phase-contrast images of isolated HL60 nuclei trapped in an OS ([Fig. 1](#fig1){ref-type="fig"} *A*) typically contain dark spots suggestive of the preservation of nucleoli, while Hoechst staining of DNA revealed heterogeneous distribution of chromatin structures within the nuclei. Previous studies have shown that some small, soluble proteins may leak out during the isolation procedure ([@bib34]). We therefore examined by immunofluorescence staining the internal compartments of HL60 nuclei after chemical isolation in PBS buffer. As shown in [Fig. 1](#fig1){ref-type="fig"} *A*, the nuclear membrane, nuclear pore complexes, lamin A/C, HP1*α*, nucleoli, PML bodies, Cajal bodies, and RNA polymerase II were all preserved, with characteristic morphology similar to those in intact cells. This is true even for nuclei under extreme swelling ([Fig. S1](#mmc1){ref-type="supplementary-material"}). Our results suggest that the integrity and overall structure of the nuclei is not disturbed by the isolation procedure, in line with recent reports ([@bib20], [@bib21], [@bib35]).

Chromatin within cell nuclei is a highly compact structure made of histone proteins and DNA, which are negatively charged polyelectrolytes. It is known that counterions can screen the highly charged interior and maintain overall charge neutrality ([@bib36]). To understand how the nuclear volume may be sensitive to the electrochemical conditions of the solvent, we quantified the volume of nuclei trapped in the OS at different pH solutions. As shown in [Fig. 1](#fig1){ref-type="fig"} *B*, isolated HL60 nuclei swelled with increasing pH, from *V* = 473 ± 19 *μ*m^3^ at pH = 7, to 618 ± 24 *μ*m^3^ (pH = 8) and 703 ± 37 *μ*m^3^ (pH = 9). Swollen nuclei in alkaline pH appear to be optically homogeneous with a smooth nuclear membrane (see *inset*), whereas in acidic pH, the nuclei shrink (*V* = 301 ± 20 *μ*m^3^ at pH = 5, and 403 ± 17 *μ*m^3^ at pH = 5.9) and appear granular, with uneven surface morphology. The lack of a pronounced sigmoidal shape of the transition across the large pH range indicates that nuclear swelling by pH shift is not a strongly cooperative phenomenon; that is, it is not equivalent to a phase transition.

Changes in the ionic conditions of the solvents may also influence nuclear volume. As shown in [Fig. 1](#fig1){ref-type="fig"} *C*, in contrast to significant swelling at low concentrations of monovalent cations (∼3000 *μ*m^3^ in 10 mM of NaCl or KCl buffer), the nuclei shrank to \<900 *μ*m^3^ at higher concentrations (100 and 300 mM of NaCl or KCl buffer). The quantified nuclear volume was very similar in the two monovalent salts, despite the difference in their ionic radii. The volume change was more pronounced for nuclei in the presence of divalent cations, which occurred at much lower concentrations (\<400 *μ*m^3^ in 10 mM of MgCl~2~ or CaCl~2~ buffer). In the presence of trivalent cations, such as Hexamminecobalt(III), nuclei can shrink to 270 ± 14 *μ*m^3^ with merely 0.1 mM. Similar to the nuclei in acidic condition, nuclei in dense multivalent salts displayed chromatin hypercondensation and uneven nuclear membrane.

We further studied whether nuclear volume is sensitive to changes in ambient temperatures, using a 780 nm OS housed within a heating chamber (see [Materials and Methods](#sec2){ref-type="sec"}) to quantify nuclear volume in their spherical state in suspension. We observed a slight volumetric reduction when the nuclei were preheated at 32°C, compared to those at 23°C ([Fig. 1](#fig1){ref-type="fig"} *C*). Independent volume quantification for nuclei seeded onto Petri dishes heated to different temperatures further confirmed the slight reduction of nuclear volume at higher ambient temperatures. Overall, the changes to nuclear volume equilibrated at different ambient temperatures are smaller (if significant) compared to the volume changes associated with pH shifts or salt conditions.

Isolated nuclei increase their volume upon sudden increase of temperature {#sec3.2}
-------------------------------------------------------------------------

To investigate the influence of mechanical stress and transient heat on nuclear mechanics, two OS setups with different laser wavelengths (780 and 1064 nm) were employed to stretch cell nuclei in suspension ([Fig. 2](#fig2){ref-type="fig"} *A*). The 780 nm OS was assembled from recently available 780 nm single-mode fiber lasers, which can deliver sufficiently high and stable laser power, with a minimal amount of laser-induced heat. The absorption coefficient of deionized water at 780 and 1064 nm is, respectively, 0.02 and 0.15 cm^−1^ ([@bib37]). The absorption coefficient for heavy water is even lower than that of deionized water: at 780 nm, it is ∼0.006 cm^−1^. Previous studies using fluorescence ratio thermometry ([@bib25], [@bib38], [@bib39]) showed that $\vartriangle T$ = 11°C W^−1^ in an 1064 nm OS, and that the temperature increase in the optical trap scales linearly with the absorption coefficient. Based on this finding, we therefore infer the temperature increase in the 780 nm OS to be $\vartriangle T$ = 1.5°C W^−1^ in deionized water and $\vartriangle T$ = 0.5°C W^−1^ in heavy water. Using PBS prepared with heavy water to further suppress heating, we characterized the mechanical properties of nuclei under optical stretching ([Fig. 2](#fig2){ref-type="fig"} *B*). Nuclei in PBS prepared with heavy water, when stretched with a 780 nm OS, behaved as incompressible objects obeying volume conservation (Poisson ratio *ν* = 0.5), as reflected in twice the amount of positive deformation along the major axis (*black*, *solid circles*) compared to the negative deformation along the minor axis (*black*, *open circles*). By fitting the data to the power law model and using the Laplace Transform (see [Materials and Methods](#sec2){ref-type="sec"}), we computed the Young's modulus of HL60 nuclei to be 538 ± 20 Pa, with a characteristic fluidity *β* = 0.0923 indicative of a solidlike nature.

Surprisingly, we find that this is not the case for nuclei in PBS prepared with deionized water, which incurred a slightly higher temperature increase ([Fig. 2](#fig2){ref-type="fig"} *B*, *red*). In this case, the nuclei first responded normally upon stretch as characterized by the negative deformation along the minor axis, followed by gradual swelling along both the major and minor axes. The observed swelling of nuclei in response to only a few degrees increase in temperature is somewhat unexpected, and contrasts with cells or giant unilamellar vesicles under optical stretching ([Fig. S2](#mmc1){ref-type="supplementary-material"}; Chan et al. ([@bib25])). Even more significant swelling was observed for nuclei stretched in the 1064 nm OS, which incurred greater amount of heating at the same laser power ([Fig. 2](#fig2){ref-type="fig"} *C*). As expected, the use of heavy water dramatically reduced the swelling by almost 10-fold (*black*), compared to that prepared with deionized water (*red*). OS experiments on nuclei of other cell lines such as TNGA mouse embryonic stem cells and HeLa cells ([Fig. S3](#mmc1){ref-type="supplementary-material"}) confirmed that such a swelling phenomenon, which we termed temperature-induced volume transition (TIVT), is not cell-specific. To investigate if heavy water modifies the intrinsic nuclear stiffness, which might account for the reduced TIVT, we performed AFM measurements at 23°C ([Fig. S4](#mmc1){ref-type="supplementary-material"}). Our results showed that the nuclear stiffness in heavy water and deionized water are not significantly different, suggesting that the heavy water acts mainly to reduce the heat absorption in the nuclei. To introduce transient heat without inducing additional optical stress, we coupled a 1480 nm laser diode to one of the 1064 nm optical fibers, a technique we have previously established ([@bib25]). The absorption coefficient at 1480 nm is ∼180 times higher than that at 1064 nm, thereby imparting significant heating with only a few milliwatts. Using this approach, we found that TNGA nuclei in PBS swelled upon 1480 nm laser heating ([Fig. S5](#mmc1){ref-type="supplementary-material"}), confirming that it is indeed the sudden temperature jump that triggers the nuclear volume increase.

We next investigated whether TIVT is reversible under repeated laser power increases (i.e., exhibits stretch). Consecutive stretches were performed on individual nuclei, with ∼10 s of rest time between each stretch. For isolated nuclei prepared with deionized water and heated in 780 nm OS, the deformation profiles for the first and second stretch overlapped with each other ([Fig. S6](#mmc1){ref-type="supplementary-material"}), suggesting that the volume change is highly reversible with no visible hysteresis. In contrast, nuclei showed reduced TIVT during the second stretch in 1064 nm OS ([Fig. S7](#mmc1){ref-type="supplementary-material"}), suggesting that strong heating could induce irreversible structural changes in nuclei and material hysteresis. We next investigated whether nuclear swelling occurred at a critical absolute temperature. Similar experiments were conducted in 780 nm OS at an elevated ambient temperature of 32°C ([Fig. 2](#fig2){ref-type="fig"} *D*). We observed that similar to experiments conducted at 23°C, nuclei preheated at 32°C obeyed volume conservation in heavy water (*black*) but swelled in deionized water (*red*), when subjected to the same laser power increase. TIVT therefore does not occur at an absolute transition temperature, as is characteristic of volume phase transitions in equilibrium gel swelling ([@bib40]). As shown in [Fig. 2](#fig2){ref-type="fig"} *E*, nuclei preheated at 23 or 32°C exhibit nonlinear increase in swelling with increased heating. Interestingly, nuclei preheated at higher ambient temperature swelled more than those at room temperature, suggesting that prolonged heating may weaken the structural integrity of nuclei and their mechanical resistance against TIVT. To reconcile TIVT with the lack of swelling when nuclei were subjected to prolonged heating ([Fig. 1](#fig1){ref-type="fig"} *D*), we applied a heat ramp, that is, a linearly increasing laser power at various rates of heating, to nuclei in the 1064 nm OS. As shown in [Fig. 2](#fig2){ref-type="fig"} *F*, swelling occurs as long as the rate of heating remains above 1°C s^−1^, which suggests that cell nuclei can remodel themselves to protect against volume change in the presence of slow adiabatic increase in ambient temperature. This could explain why nuclei did not swell under prolonged heating conditions in the OS or heated Petri dishes.

Temperature-induced volume transitions are sensitive to ionic conditions {#sec3.3}
------------------------------------------------------------------------

Given that the equilibrium nuclear volume depends on the ionic conditions of the solvent ([Fig. 1](#fig1){ref-type="fig"} *C*), we next studied whether TIVT exhibits a similar sensitivity to the ionic conditions. We found that nuclei in monovalent salts experienced less temperature-induced volume increase with increasing concentrations, as was the case for 10 and 100 mM of KCl ([Fig. 2](#fig2){ref-type="fig"} *A*). Notably, nuclei suspended in 0.1 mM MgCl~2~ buffer displayed positive TIVT (swelling), but showed negative TIVT (contraction) in 1 mM MgCl~2~ ([Fig. 3](#fig3){ref-type="fig"} *B*; [Movie S2](#mmc3){ref-type="supplementary-material"}). Upon heat application, an immediate contraction along both the major and minor axes was observed, followed by a slight rebound. The relaxation phase, after temperature was returned to baseline, shows a sudden jump to a higher deformation (*t* = 4 s), indicating that the heated nuclei were in a prestressed state. The deformation profile suggests two counteracting dynamics at play: an initial rapid contraction induced by multivalent charge effects, and a delayed swelling response. To investigate whether the nuclei contract in a heat-dependent manner, we performed similar OS experiments (780 nm OS) on nuclei suspended in 1 mM CaCl~2~ prepared with heavy water ([Fig. S8](#mmc1){ref-type="supplementary-material"} *c*). In this minimal heating condition, nuclei still contracted along both axes, albeit with much less deformation, indicating that the strength of contraction correlates with the amount of temperature increase. Intriguingly, some nuclei in multivalent buffers rotated continuously around the major axis during the heating phase ([Movie S3](#mmc4){ref-type="supplementary-material"}), and persisted until the laser power was turned off. The fraction of rotating nuclei was much higher in trivalent salts compared to divalent ones, and Ca^2+^ ions appeared to exert a greater impact on the rotational dynamics than Mg^2+^ ions ([Fig. S9](#mmc1){ref-type="supplementary-material"}).

[Fig. 3](#fig3){ref-type="fig"} *C* summarizes the distinct phases of TIVT under various ionic conditions. The upper, unshaded region depicts positive TIVT (swelling) while the lower, shaded region depicts negative TIVT (contraction). Nuclear contraction was measured as the peak contraction immediately after heat application. In the swelling regime, we find that nuclei in dilute divalent or trivalent salts, such as CaCl~2~ (100 *μ*M) and Co(NH~3~)~6~Cl~3~ (10 *μ*M), displayed reduced TIVT compared to those in high concentrations of NaCl or KCl (10 mM). A monotonous decrease in the magnitude of swelling was observed with increased ionic concentrations for both the monovalent and divalent cases, suggesting that increasing counterions contribute to greater mechanical resistance against TIVT. Increasing the concentrations of multivalent ions led to a transition from swelling to contraction, with lower transition concentration observed for $\text{Co}\left( \text{NH}_{3} \right)_{6}^{3 +}.$ We further investigated whether a correlation existed between the degree of swelling and the initial nuclear size ([Fig. 3](#fig3){ref-type="fig"} *D*). Despite their similar volume, nuclei in KCl displayed a smaller magnitude of TIVT than that of NaCl. The same trend was observed for nuclei in CaCl~2~ compared to those in MgCl~2~. This indicates that ionic radius is another factor influencing the amount of TIVT. Furthermore, Ca^2+^ ions impart greater stiffening of nuclei compared to the monovalent salts, even though the nuclei in Ca^2+^ salts are similar or larger in size than those in monovalent salts. For example, nuclei in 10 *μ*M Ca^2+^ were much larger than those in 10 mM K^+^ or Na^+^ buffer, yet they displayed less swelling in response to heat. The same was observed for nuclei in 10 *μ*M $\text{Co}\left( \text{NH}_{3} \right)_{6}^{3 +}$ buffer, which were observed to be larger yet stiffer than those in 300 mM of Na^+^ buffer. Overall, our findings identify multivalent salts as a critical determinant modulating the amount and sign of TIVT.

TIVTs are modulated by chromatin compaction {#sec3.4}
-------------------------------------------

To investigate whether chromatin compaction state regulates TIVT, we diluted the chromatin by increasing the nuclear volume. Confocal images of Hoechst-stained nuclei swollen in various buffer ([Fig. 4](#fig4){ref-type="fig"} *A*, *top row*) showed visible heterochromatin localized at the nuclear periphery and around the nucleoli. Such chromatin aggregation is not an artifact of isolation protocol because similar compartmentalization of chromatin was observed in situ ([Fig. S10](#mmc1){ref-type="supplementary-material"}). In comparison to those in 20% and 5% PBS, nuclei in pure PBS displayed higher integrated fluorescence intensity with more condensed perinuclear heterochromatin. The average fluorescence intensity profile of a representative nucleus in PBS ([Fig. S11](#mmc1){ref-type="supplementary-material"}, *red curve*) shows a peak near the nuclear membrane followed by a gradual decrease toward the center of the nucleus, which allowed us to assign a shell thickness for the perinuclear heterochromatin (see [Materials and Methods](#sec2){ref-type="sec"}). We find that with PBS dilution, the cortical thickness did not vary much, leading to a net decrease in the ratio of cortical thickness to radius ([Fig. 4](#fig4){ref-type="fig"} *A*, *red*). A similar drop in the average chromatin density associated with the heterochromatin shell was observed with swelling ([Fig. 4](#fig4){ref-type="fig"} *A*, *black*), indicative of chromatin decondensation in the cortical layer. To investigate whether a thicker chromatin shell corresponds to a stiffer nucleus, we performed atomic force microscopy to characterize the elastic moduli of isolated nuclei ([Fig. S12](#mmc1){ref-type="supplementary-material"}). Our results showed that the apparent nuclear stiffness scaled inversely with the nuclear volume.

Chromatin compaction can potentially influence the magnitude of TIVT. To this end, we modified chromatin compaction by pharmacological treatments and studied TIVT in several conditions ([Fig. 4](#fig4){ref-type="fig"} *B*): TSA, a histone deacetylase inhibitor that decondenses chromatin ([@bib22]); clostripain, a protease that decompacts chromatin by enzymatic cleavage of histone tails ([@bib8]); and DNase I, a nuclease that cleaves DNA leading to DNA fragmentation. Nuclei treated with TSA exhibited highly homogeneous chromatin distribution throughout the entire nuclei with no visible heterochromatin at the nuclear periphery (*inset*). The volume change (17.10 ± 0.51%) for TSA-treated nuclei upon TIVT was significantly larger than that of the control nuclei in PBS (14.80 ± 0.38%). Clostripain-treated nuclei, with their highly fragmented chromatin, displayed even greater volume increase (22.32 ± 0.76%) upon TIVT. The volume increase was dramatically reduced for nuclei treated with DNase (5.76 ± 0.77%). Observation of DNA leakage out of the nuclei confirmed the drug effectiveness, although distinct regions of condensed chromatin could still be found within the nuclei.

To assess the chromatin compaction state, we quantified the fractal dimension of the chromatin distributions in confocal fluorescence images. Fractal dimension measures an object's uniformity: the more uniformly distributed the elements of the material, the higher the fractal dimension ([@bib10], [@bib41]). Employing the differential box counting methodology (see [Materials and Methods](#sec2){ref-type="sec"}), we found that TSA and clostripain treatments led to an increase in fractal dimension and chromatin decondensation ([Fig. 4](#fig4){ref-type="fig"} *C*). Additionally, we quantified the lacunarity of the nuclei ([Fig. S13](#mmc1){ref-type="supplementary-material"}), which measures the distribution of voids in the nucleus (object heterogeneity instead of object uniformity) ([@bib42]). TSA-treated nuclei had a lower lacunarity compared to the controls, indicating that chromatin decondensation led to a shrinkage of the pores and channels interdigitating the chromatin domains. Higher lacunarity was observed in nuclei in PBS and DNase, indicating uneven chromatin distribution punctuated by dark, chromatin-free pores. Both the fractal dimension and lacunarity analysis indicate that the more decondensed the chromatin structure, the larger the volume change incurred by TIVT, which can be taken as a proxy for nuclear stiffness.

Perturbation of chromatin remodeling processes, which has been shown to impact nuclear mechanics ([@bib43]), may also affect the magnitude of TIVT. As shown in [Fig. 4](#fig4){ref-type="fig"} *D*, ATP addition led to global compaction of chromatin (high fluorescence intensity) and a decrease in TIVT, while ATP depletion led to apparent chromatin decondensation and increased TIVT. We observed no significant difference in the initial volume between the control nuclei (5.50 ± 0.42 *μ*m) and those with ATP addition (5.70 ± 0.64 *μ*m) and depletion (5.86 ± 0.58 *μ*m), suggesting that TIVT is modulated by ATP-dependent remodeling processes rather than changes in the initial nuclear volume. The remodeling processes are highly dynamic and reversible ([Fig. S14](#mmc1){ref-type="supplementary-material"}). The pH of the buffer in all three conditions was the same, ruling out pH changes to the fluorescence emission characteristics of the Hoechst dye ([@bib44]). Topo II, a major nuclear ATPase, can modify chromatin compaction by winding or unwinding the DNA loops, potentially modifying chromatin compaction and the magnitude of TIVT. We therefore studied the effect of ICRF-187, a known inhibitor of topo II, on TIVT. Interestingly, inhibiting topo II led to a significant increase in the magnitude of TIVT. Similar to ATP treatments, we found no significant difference in the initial nuclear volume between the controls (5.50 ± 0.51 *μ*m) and the ICRF-187-treated nuclei (5.44 ± 0.36 *μ*m).

Discussion {#sec4}
==========

Our work demonstrates that isolated nuclei can exhibit peculiar mechanical responses triggered by changes in their ambient temperature and modulated by the electrochemical environment. At constant temperature, the equilibrium volume depends on the pH or salt conditions ([Fig. 1](#fig1){ref-type="fig"}, *B* and *C*). As shown in previous osmotic studies of isolated chondrocyte nuclei ([@bib45]), the nuclear envelope, punctuated with nuclear pore complexes, is highly permeable to small ions but not to the highly concentrated polyelectrolytes like chromatin. This sets up a high osmotic pressure within the nucleus, modulation of which can lead to significant volume change. As shown in our recent refractive index studies of isolated HL60 nuclei, hypertonic treatment (35 kDa PEG, 450 mOsm/kg) led to nuclear shrinkage while hypotonic treatment induced significant swelling ([@bib21]). The chromatin assembly is stabilized by an attractive force mediated by histone tail-tail interactions, which counteract the repulsive electrostatic force between the negatively charged DNA segments ([@bib36], [@bib46]). They are in turn bathed within a sea of positively charged screening counterions. According to the Flory-Rehner theory ([@bib47]), the change in the free energy can be expressed as $\Delta F = \Delta F_{\text{mix}} + \Delta F_{\text{el}} + \Delta F_{\text{ion}}$, where $\Delta F_{\text{mix}}$ is the mixing free energy, $\Delta F_{\text{el}}$ is the elastic contribution, and $\Delta F_{\text{ion}}$ is the contribution from the electrostatic effects (counterion entropy). From these, the osmotic pressure can be split into three contributions: $\text{Π} = \text{Π}_{\text{mix}} + \text{Π}_{\text{el}} + \text{Π}_{\text{ion}}$, where $\text{Π}_{\text{ion}} = k_{\text{B}}T\sum_{i}\left( {n_{i}^{\text{in}} - n_{i}^{\text{out}}} \right)$. Here $n_{i}^{\text{in}}$ and $n_{i}^{\text{out}}$ are the concentrations of species *i* in the gel and the surrounding solution, respectively. Equating chemical equilibrium and charge neutrality condition for the mobile ions inside and outside the nucleus, we have $\text{Π}_{\text{ion}} = k_{\text{B}}Tn_{b}^{2}/4n_{s}$ ([@bib48], [@bib49]), where $n_{b}$ is the density of fixed ions in the nucleus. Decreasing salt concentrations $n_{s}$ therefore leads to increased $\text{Π}_{\text{ion}}$ and nuclear swelling, as shown in [Fig. 1](#fig1){ref-type="fig"} *C*. Diluting the salts also reduces the amount of screening counterions in the nucleus, leading to increased net electrostatic repulsion between DNA segments and possibly structural expansion (though less significant than that generated by the osmotic pressure of mobile ions). With high concentrations of multivalent ions, counterion condensation can even induce charge reversal and attractive forces between the DNA, further compacting the nucleus ([@bib18], [@bib50]) up to a hard core limit of chromatin, which is roughly 50% of the nuclear volume under isotonic conditions ([@bib51]). In alkaline conditions, the H^+^ in the nucleus combines with OH^−^ to form H~2~O. To compensate for the net decrease in positive charges within the nucleus, deprotonation leads to a massive influx of salt cations, which can generate a large osmotic pressure and nuclear swelling at high pH ([Fig. 1](#fig1){ref-type="fig"} *B*). Alternatively, deprotonation could lead to increased DNA-DNA electrostatic repulsion and chromatin expansion, similar to the swelling dynamics of RNA-filled viral capsids at high pH ([@bib52]). However, this mechanism may be secondary to osmotic swelling in driving the significant swelling of nuclei at high pH.

At constant temperature, isolated nuclei behaved as highly elastic material with a stiffness of 538 ± 20 Pa, as determined by optical stretching. Previous studies using micropipette or microplates reported a stiffer Young's modulus (1--10 kPa) for isolated chondrocyte, epithelial, and endothelial cell nuclei ([@bib3], [@bib6], [@bib53]), while AFM studies on isolated MCF10 nuclei revealed a similar range of stiffness (600 Pa) ([@bib54]). Apart from a cell-specific issue such as the different levels of lamin A, which is a major contributor to nuclear mechanical properties, the differences in the measured stiffness may also be due to the different ionic/osmotic conditions, temperatures, and the magnitude/timescales of stress used in the various techniques. The overall strains employed in our OS and AFM studies ([Fig. S12](#mmc1){ref-type="supplementary-material"}) are smaller (\<5%) compared to other techniques, and they both measured similar values of nuclear stiffness. With minimal heating, we did not observe nuclear stiffening with repeated stretch ([Fig. S6](#mmc1){ref-type="supplementary-material"}), in contrast to a recent report showing that isolated nuclei stiffen in response to repeated force application ([@bib55]). This difference could be due to the local application of stress in their study, compared to our case in which we applied optical stress over the entire nuclear surface.

The central finding of the study is that isolated cell nuclei exhibit a volume transition in response to small, fast thermal perturbations. We termed it "temperature-induced volume transition" (TIVT) to distinguish it from the pH or salt-dependent volume changes at constant temperature. The immediate relaxation after TIVT, along with the overlap of the deformation curves with repeated temperature cycles ([Fig. 2](#fig2){ref-type="fig"} *B*; [Fig. S6](#mmc1){ref-type="supplementary-material"}), indicate that this phenomenon is transient and reversible. Interestingly, mitotic HL60 chromosomes devoid of nuclear lamina also displayed TIVT ([Fig. S15](#mmc1){ref-type="supplementary-material"}). Collectively, these data provide evidence arguing against denaturation of nuclear lamina or nuclear pore complexes as the primary cause of TIVT. We ruled out swelling due to heat-induced pH changes in the solvent, because the pH of PBS decreases with increasing temperature, which would lead to nuclear shrinkage instead of swelling ([Fig. 1](#fig1){ref-type="fig"} *B*). Thermal expansion of water is very unlikely because water has a volumetric coefficient of expansion of 0.02% K^−1^ at room temperature, which is negligible to account for TIVT (\>3% volume expansion). Swelling due to thermophoresis, which could drive DNA flow along a temperature gradient ([@bib56]), could not account for TIVT because previous OS studies based on fluorescence ratio thermometry ([@bib25], [@bib38]) showed that for a small object such as a nucleus (diameter \< 10 *μ*m), heat is uniformly distributed throughout the nucleus without a temperature gradient. Altogether, our work identifies chromatin as the main structural component regulating volume changes in response to sudden temperature increase.

The observed swelling of nuclei induced by sudden heat application is reminiscent of the volume phase transition in thermoresponsive polyelectrolyte gels ([@bib40], [@bib57]). Thermophilic hydrogels typically exhibit reversible swelling above an upper critical solution temperature ([@bib58]). These transitions typically result from a competition between repulsive intermolecular forces acting to expand the polymer network, and an attractive force that acts to shrink it. In the nucleus, such forces could arise from electrostatic repulsion between the DNA segments and attractive histone tail-tail interactions. However, these are equilibrium phase transitions that occur at an absolute critical temperature, rather than at any ambient temperature as in our case ([Fig. 2](#fig2){ref-type="fig"}, *B* and *D*). Instead, we propose that the TIVT may be triggered by a sudden increase in the osmotic pressure $\text{Π}_{\text{ion}}$ from the mobile ions within the nucleus. A small increase in thermal fluctuations may be sufficient to destabilize the counterions bound to the chromatin or the nonhistone proteins. The resultant increase in the free ion number density then generates strong $\text{Π}_{\text{ion}}$, which could cause the nuclear swelling. Importantly, TIVT depends on the rate of heating ([Fig. 2](#fig2){ref-type="fig"} *F*). Rapid heating leads to reversible nuclear swelling, while with slow heating (\<1°C s^−1^), nuclei can remodel themselves adiabatically to maintain a constant volume. The slight nuclear contraction during prolonged heating ([Fig. 1](#fig1){ref-type="fig"} *D*) could be attributed to changes in the lamina structure or protein denaturation in the nuclear matrix ([@bib13]). Previous reports had shown that heating above 42°C causes invaginations of perinuclear lamina ([@bib59]), while osmotic change after cell detachment could lead to volumetric reduction of the nucleus and to envelope invagination ([@bib60]). Invagination and weakening of lamina ([@bib61]) could account for the observed nuclear softening and greater expansion at higher ambient temperatures ([Fig. 2](#fig2){ref-type="fig"} *E*).

TIVT are also observed for nuclei in situ. OS experiments on whole cells showed that nuclei inside of cells may swell or contract, depending on the cell types ([Fig. S16](#mmc1){ref-type="supplementary-material"}). The sign of TIVT could be influenced by the prevalent kind of cytoplasmic ions (mono versus multivalent) and their concentrations in the vicinity of the nucleus. In contrast to isolated nuclei, nuclei in situ still exhibit volume transitions with minimal heating ([Fig. S16](#mmc1){ref-type="supplementary-material"}, *c* and *d*), which could be due to force transmission from the cell surface via the cytoskeleton to the nucleus. Alternatively, the heavy water outside the cell may not be able to permeate the cell cytoplasm and reach the nucleus, due to strong binding of structured water to charged fibrous gel in the cytoplasm. Using a laser to heat up gold nanoparticles in the nuclei of living neurons, Romero et al. ([@bib62]) reported a correlation between nuclear expansion and the intensity of irradiation. Similarly, using a 1450 nm IR laser to heat individual adherent HeLa cells, one research group (M. Kreysing, personal communication) observed reversible swelling of chromatin compartments when heating by 4 to 10 Kelvin at a physiological ambient temperature of 37°C.

While situations where cells experience this kind of sudden temperature jump may be rare, our findings imply that TIVT could lead to massive influx of cytoplasmic fluid into the nucleoplasm, which could facilitate molecular turnover and transcriptional/mRNA activities. For example, the enzymatic activity of DNA repair enzymes, which act to preserve DNA damage, is highly dependent on the distribution and the amount of water accessible within the nucleus (via diffusion). Recent work indeed indicates that the nucleoplasm could be largely aqueous in facilitating such processes ([@bib21]). Similarly, temperature-induced nuclear swelling could draw free cytosolic ions, which can potentially modify chromatin compaction state and facilitate or suppress transcriptional activities.

Ionic conditions not only determine the magnitude, but also the sign of TIVT ([Fig. 3](#fig3){ref-type="fig"}). As discussed before, increased concentrations of monovalent salts led to a smaller osmotic pressure $\text{Π}_{\text{ion}}$ and nuclear volume ([Fig. 1](#fig1){ref-type="fig"} *C*). This implies a greater free energy cost against external mechanical deformation ([@bib36]), which may account for the increased resistance against TIVT ([Fig. 3](#fig3){ref-type="fig"}, *A* and *C*). Larger nuclei in strong ionic buffer (e.g., 10 *μ*M Ca^2+^) exhibited less volume increase than smaller nuclei in weak ionic buffer (e.g., 10 mM Na^+^) ([Fig. 3](#fig3){ref-type="fig"} *D*), suggesting that the ionic strength exerts a more significant impact on TIVT than the initial nuclear size. At high concentrations of multivalent salts, nuclei can display negative TIVT ([Fig. 3](#fig3){ref-type="fig"}, *B* and *C*). It is known that in multivalent salts, DNA condenses into a highly compact and ordered toroidal structure ([@bib18], [@bib63]). Chromosome hypercondensation at millimolar concentrations of multivalent ions has also been reported by Poirier et al. ([@bib64]), who showed that isolated mitotic chromosomes displayed rapid, reversible contraction and increased stiffness upon exposure to MgCl~2~ or CaCl~2~. Substantial volumetric reduction was also observed for chromosomes upon addition of $\text{Co}\left( \text{NH}_{3} \right)_{6}^{3 +}$ buffer, in line with our studies ([Fig. 3](#fig3){ref-type="fig"} *D*). Such compaction is known to arise from strongly correlated counterion-induced attraction between DNA segments, otherwise known as "Manning condensation" or "charge inversion" ([@bib50], [@bib65], [@bib66]). Our results therefore suggest that a sudden temperature jump may trigger an influx of multivalent ions, leading to multivalent-ion-induced DNA condensation and global chromatin hypercompaction. The occasional nuclear rotations in multivalent salts suggest that chromatin condensation could induce the formation of orientationally ordered microdomains or helical structures in nuclear lamina, giving rise to bulk birefringence. Conservation of angular momentum of the linearly polarized laser light could then lead to the observed nuclear rotations. Future work will be required to shed light on the detailed mechanism underlying this process. Finally, we note that nuclei under hypertonic shock, despite having similar compactness and surface invagination as those in multivalent ions (e.g., 1 mM Ca^2+^), exhibit positive TIVT and no rotations ([Fig. S17](#mmc1){ref-type="supplementary-material"}). This further affirms that the negative TIVT in strong multivalent salts arises primarily from strong charge effects.

Confocal imaging ([Fig. 4](#fig4){ref-type="fig"} *A*; [Fig. S1](#mmc1){ref-type="supplementary-material"}) revealed that in HL60 cell nuclei, chromatin preferentially localized to the perinuclear region. The decrease in the relative thickness of heterochromatin shell and its chromatin density after PBS dilution ([Fig. 4](#fig4){ref-type="fig"} *A*) may be explained by the conformational change of chromatin fibers from an extended, unfolded 10 nm beads-on-a-string structure to condensed 30 nm fibers, as the NaCl concentration increases from 10 to 150 mM ([@bib36]). The increased susceptibility to TIVT (taken as a proxy for nuclear softness) after chromatin dilution ([Fig. 4](#fig4){ref-type="fig"}, *B* and *C*; [Fig. S12](#mmc1){ref-type="supplementary-material"}) agrees with recent AFM and micropattern studies ([@bib5], [@bib6], [@bib8]). While we measured a considerably lower Young's moduli than those reported in these studies, possibly due to the different bead size, indentation rate, or forces used, we obtained a similar inverse correlation between nuclear volume and chromatin condensation.

Chromatin perturbation shows that modifying histone tail-tail interactions through histone acetylation (TSA) or proteolysis (clostripain) can significantly impact TIVT. TSA weakens the electrostatic interactions between the histone tails and the DNA backbone, leading to chromatin decondensation ([@bib22]) and increased (decreased) fractal dimension (lacunarity) ([Fig. 4](#fig4){ref-type="fig"} *C*; [Fig. S13](#mmc1){ref-type="supplementary-material"}). The increased magnitude of TIVT (a proxy for nuclear softness) with TSA treatment ([Fig. 4](#fig4){ref-type="fig"} *B*) corroborates recent nuclear mechanical studies ([@bib9], [@bib10]). Clostripain, a protease that cleaves the residues of the amino acid arginine, leads to global decompaction of chromatin and nuclear volume increase, possibly due to entropic swelling ([@bib8]). This is consistent with their highly fragmented and homogeneous chromatin distribution, and high fractal dimension and low lacunarity ([Fig. 4](#fig4){ref-type="fig"} *C*; [Fig S13](#mmc1){ref-type="supplementary-material"}). Clostripain-treated nuclei were highly susceptible to TIVT, suggesting that the dissociation of heterochromatin nodes, which anchor to the nuclear lamin, is crucial in maintaining nuclear mechanical integrity. Notably, clostripain-treated nuclei, despite being smaller (7.41 ± 0.70 *μ*m), deform much more than nuclei in 5% PBS (10.84 ± 0.97 *μ*m), indicating that nuclear softening is caused mainly by the structural weakening of the tertiary chromatin architecture. Intriguingly, contrary to previous study ([@bib6]), DNase-treated nuclei appeared smaller and stiffer than nuclei in PBS ([Fig. 4](#fig4){ref-type="fig"} *B*). Our results, however, agree with other studies that reported substantial DNA leakage after DNase treatment ([@bib8], [@bib46]).

The addition of ATP induced rapid, reversible chromatin compaction and nuclear stiffening, in contrast to chromatin decondensation and softening in ATP-depleted nuclei ([Fig. 4](#fig4){ref-type="fig"} *D*). Hameed et al. ([@bib67]) observed that ATP depletion or TSA led to a reduction of hopping movements of beads in the nucleus upon force application, which they attributed to the reduced free-volume in the nucleus. This is consistent with our observation of chromatin decondensation and a reduced lacunarity in both ATP-depleted and TSA treated nuclei. ATP also activates chromatin remodeling complexes and triggers nucleosome packing, thereby inducing global chromatin compaction ([@bib68]), in line with our observation. Interestingly, ATP is required for chromatin condensation during early events of apoptosis ([@bib69]), and ATP-depleted HL60 cells exhibit DNA fragmentation and chromatin decondensation ([@bib70]). Inhibition of topo II activity led to nuclear softening, suggesting that topo II may contribute to nuclear stiffness. Topo II is known to localize to the nuclear matrix fraction of interphase nuclei and the scaffold fraction of the mitotic chromosome ([@bib71]), and is responsible for the decatenation and relaxation of the DNA double strands through resolving DNA entanglements. Micropipette studies by Kawamura et al. ([@bib72]) had shown that topo II reduces the elastic stiffness of mitotic chromosome while inhibition of topo II with ICRF-187 blocks this effect. Other studies, however, reported that topo II mediates DNA assembly and promotes chromatin compaction ([@bib73]). Our results appeared to support the latter case, which could hint at potential differences in the structural maintenance role of topo II in interphase chromatin and mitotic chromosome.

In conclusion, we have demonstrated that isolated cell nuclei exhibit rich phases of temperature-induced volume transitions, depending on the electrochemical environment and chromatin compaction state. In contrast to nuclei at constant temperatures that behave as highly stiff and elastic material, whose volume is sensitive to pH and salt conditions, nuclei subjected to a sudden temperature increase displayed reversible and repeatable volume transitions. The sign and magnitude of TIVT can be modulated by the solvent ionic conditions and chromatin compaction, elucidating the roles of counterion exchange and heterochromatin integrity in governing nuclear hydration dynamics. Determination of the exact molecular mechanisms using concepts from polymer gel physics will be an exciting aspect for future nuclear mechanics research. While the physiological relevance of the phenomenon of rapid nuclear volume transitions are unclear at present, our findings may have implications for understanding nuclear volume regulation, and could be seen in line with other thermodynamic transitions occurring within the cells, such as phase separation of RNA-protein bodies or sol-gel phase transitions of the cytoplasm ([@bib74], [@bib75]).
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![Nuclear volume is sensitive to changes in pH, salt conditions, and ambient temperature. (*A*) Nuclear compartmentalization is conserved after isolation. Immunofluorescence images (midsection confocal slices) of isolated HL60 nuclei stained for DNA (Hoechst), nuclear membrane (DID), nuclear pore complex (anti-nucleoporin), lamin A/C (anti-lamin A/C), HP1*α* (anti-HP1*α*), nucleoli (NUCLEOLAR-ID Green Detection Reagent), Cajal bodies (anti-coilin), PML bodies (anti-PML), and RNA polymerase II (anti-pol II). (*Yellow lines*) Approximate nuclear outlines. (*B*) Volume versus pH (mean ± SE) for optically trapped nuclei (trap power = 0.2 W, negligible heating). *n* = 26, 52, 47, 58, and 43 for pH = 5, 6, 7, 8, and 9, respectively. (*Insets*) Phase contrast images of nuclei at low and high pH. (*C*) Nuclear volume versus ionic concentrations of various valencies (mean ± SE). *n* \> 30 for each salt condition. (*D*) Nuclear volume measured at different ambient temperatures in 780 nm OS (trap power = 0.2 W, *n* = 95 and 126 for 23°C and 32°C, respectively) and a heating Petri dish (*n* = 98, 83 for 23 and 45°C, respectively). $\ast p < 0.05.$ Scale bars, 5 *μ*m. To see this figure in color, go online.](gr1){#fig1}

![Temperature-induced volume transitions in isolated HL60 nuclei. (*A*) Schematic of OS operating with 1064 nm (significant heating) or 780 nm wavelength (reduced heating). Nuclei flowing through the microfluidic channel were serially trapped and stretched/heated by two counterpropagating laser beams. (*B*) Deformation curves for nuclei stretched in a 780 nm OS at 1.6 W at $23{^\circ}\text{C}$. In heavy water (*black*, *n* = 104), nuclei showed positive (and negative) deformation along the major (*solid circle*) and minor axes (*open circle*), respectively, indicating volume conservation. Replacing heavy water with deionized water led to an increase in temperature jump and swelling along both the major and minor axes (*red*, *n* = 108). (*C*) Deformation curves for nuclei stretched in a 1064 nm OS at 1.6 W at $23{^\circ}\text{C}$, in heavy (*black*, *n* = 85) and deionized water (*red*, *n* = 53). (*D*) Deformation curves for nuclei stretched in a 780 nm OS at 1.6 W at $32{^\circ}\text{C}$. Similar volume conservation in heavy water (*black*, *n* = 53) and swelling in deionized water (*red*, *n* = 60) were observed. (*E*) Temperature-induced volume change of nuclei at different ambient temperatures, based on collective data from both 780 and 1064 nm OS. *n* \> 40 for each data point. (*F*) Volume changes for nuclei in response to linearly increasing laser powers in 1064 nm OS at 23°C. Maximum power reached was 2.2 W $\left( {\vartriangle T_{\text{laser}} = 24{^\circ}\text{C}} \right)$. Heat ramp was performed over 1 s (*black*, *n* = 24), 5 s (*red*, *n* = 37), 12 s (*blue*, *n* = 22), and 60 s (*magenta*, *n* = 10), with the respective rates of heat increase indicated in the legend. All error bars denote SE. To see this figure in color, go online.](gr2){#fig2}

![Temperature-induced volume transitions are sensitive to ionic conditions. (*A*) Deformation curves for HL60 nuclei in a 1064 nm OS at 23°C in 10 mM (*black*, *n* = 30), and 100 mM KCl (*red*, *n* = 42). (*B*) Deformation curves for HL60 nuclei in 0.1 mM (*black*, *n* = 46) and 1 mM MgCl~2~ (*red*, *n* = 52). In both (*A*) and (*B*), the major deformation is denoted by the solid circles and the minor deformation by the open circles. (*C*) Phase diagram for TIVT in various salt conditions, depicting the transition to negative volume transitions in sufficiently high amounts of multivalent salts. (*D*) Volume changes of nuclei in salts of various valencies and concentrations as a function of initial nuclear volume. Temperature-induced swelling is sensitive to the valency and ionic radii of the salts. In all experiments, 1.7 W stretch power $\left( {\vartriangle T_{\text{laser}} = 18{^\circ}\text{C}} \right)$ was applied between *t* = 0 and 4 s. Volume changes were measured at *t* = 1 s into the stretch. *n* \> 30 for each data point in (*C*) and (*D*). All error bars denote SE. To see this figure in color, go online.](gr3){#fig3}

![Temperature-induced volume transitions depend on chromatin compaction and remodeling dynamics. (*A*) Quantification of the relative thickness (*red*) and the average chromatin density (*black*) of the cortical chromatin shell for nuclei swollen to various degrees by PBS dilution. (*Top row*) DNA-stained nuclei in 100% PBS, 20% PBS, and 5% PBS. (*B*) Temperature-induced volume changes for nuclei under DNA degradation and histone modifications. (*Top row*) DNA-stained nuclei under corresponding pharmacological treatments. Nuclei treated with TSA (*n* = 69) and clostripain (*n* = 63) were significantly softer with larger TIVT than controls in PBS (*n* = 72). (*C*) Temperature-induced volume changes of nuclei versus fractal dimension. Addition of TSA (*n* = 44) and clostripain (*n* = 27) led to higher fractal dimension compared to control nuclei in PBS (*n* = 21) and DNase (*n* = 17). Error bars represent SD. (*D*). Temperature-induced volume changes of nuclei mediated by chromatin remodeling. Nuclei subjected to ATP addition (*n* = 73) or depletion (*n* = 96) showed less and more swelling effect, respectively, compared to the controls (*n* = 61). Topo II inhibition (*n* = 48) led to nuclear softening compared to the controls (*n* = 26). (*Top row*) DNA-stained nuclei under ATP addition or depletion, and in controls. All volume changes were measured at *t* = 1 s after optical stretching (laser powers = 1.7 W, $\vartriangle T_{\text{laser}} = 18{^\circ}\text{C}$, 1064 nm). ∗∗∗∗$p < 0.0001,$ ∗∗∗$p < 0.001,$ and ∗∗$p < 0.01.$ Scale bars represent 5 *μ*m. To see this figure in color, go online.](gr4){#fig4}
